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Abstract 

2D Basin modelling was used to evaluate the response of source rock maturation, and of petroleum expulsion, migration, ac­
cumulation and preservation to the evolution of the southern part of the inverted Broad Fourteens Basin. Modelling results 
show that the temperature, maturation and petroleum generation history as well as migration characteristics of both the Juras­
sic oil systems and the Carboniferous gas systems vary over short distances relative to the differences in burial history of the 
basin. Model results indicate that no major gas accumulations are preserved in the Slochteren Formation along the cross-sec­
tion at present-day. Gas accumulations are predicted in sandstone-dominated Triassic units in the southern part of the sec­
tion. Present-day oil accumulations predicted in the Vlieland Sandstone Formation sealed by the Vlieland Claystone Forma­
tion (in P9 and Ql crestal structures) are in accordance with known oil accumulations. Additional oil accumulations are pre­
dicted in the sandstone-dominated Middle Werkendam Member, and in sandstones of the Delfland Subgroup. 
The modelling offers an explanation for the different geochemical compositions of the accumulated oils in the P9 and Ql ar­
eas. Modelling implies, that the oils in the Ql oil field were sourced by remigrated oils expelled over time, from early mature 
to mature source rocks of the Posidonia Shale Formation. The biodegraded and water-washed nature of the Ql oil is ex­
plained by the concentrated topography-induced groundwater flow through the Vlieland Sandstone Formation during the 
Late Cretaceous inversion of the basin. The oils accumulated in the P9 area were sourced from an early mature part of the 
Posidonia Shale Formation and were probably not affected by water washing and biodegradation because of post-inversion 
charging of the reservoir. 
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Introduct ion 

This paper presents results of a 2 D basin modelling 

study along a cross section in the southern part of the 

Broad Fourteens Basin (Fig. l ) . T h e modelling study 

was part of an integrated basin study of the Broad 

Fourteens Basin (Verweij et al., 2000; Verweij & Sim­

melink, 2002; Verweij, 2003) . T h e research presented 

here aimed to increase the understanding of and pro­

vide a time framework for petroleum generation, mi­

gration, accumulation and preservation in the basin. 

T h e Broad Fourteens Basin, located in the Du tch 

part of the southern Nor th Sea, has been extensively 

studied since the first successful exploration well in 

1968 (Oele et al., 1981;VanWijhe, 1987; RRI, 1984, 

1985, 1988, 1990; Lee et al,. 1989; Van der Poel, 

1989; Hastings et al., 1991; Roelofsen & D e Boer, 

1991; Nalpas et al., 1995; Goh, 1996; Gauthier et al., 

2000; Wong et al., 2001). As a consequence, there is a 

wide range of information and data - geological, geo­

physical, thermal and geochemical - available on it 

(both from published sources and public wells). We 

have used these data to obtain an a priori unders tand­

ing of the past geological, hydrogeological, geother-
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Fig. 1 Location of the Broad Fourteens Basin and the modelled 
cross-section. 

mal and petroleum-geological processes which are re­
sponsible for the present-day characteristics of the oil 
and gas systems of the basin, and to quantify its burial 
and uplift history (Verweij & Simmelink, 2002; Ver-
weij, 2003). This previous data analysis provided the 
understanding as well as the input data, boundary 
conditions and different scenarios required for the 2D 
basin modelling. The 2D basin modelling has been 
used to analyse the integrated basin evolution along 
the cross-section and to quantify, date and time the 
different processes. The cross-section traverses a Ql 
and the edge of a P9 oil accumulation, but doesn't in­
clude any known commercially exploited gas accu­
mulation (Fig. 2). 

A specific focus of the modelling study was to in­
crease the process-based understanding of the ob­
served difference in composition of the P9 and Ql 
oils and the absence of commercially exploited gas ac­
cumulations along the cross-section (where did all the 
gas go?). The Broad Fourteeens Basin has a similar 

geologic history as the nearby West Netherlands Basin 
(Fig. 1). Van Balen et al. (2000) studied this basin, us­
ing similar modelling techniques. 

Geological setting 

The Broad Fourteens Basin is a northwest-southeast 
trending Mesozoic basin, approximately 120 km long 
and 45 km wide (Fig. l ) .The geological setting of the 
basin is treated in great detail in Verweij (2003) and 
references therein. The main features are summarised 
here. 

The basin is now inverted and covered uncon-
formably by the sedimentary fill of the Southern 
North Sea Basin (Cenozoic). It rests on the Southern 
Permian Basin, which in turn unconformably overlies 
an even older sedimentary basin: the Variscan fore­
land basin. 

The present-day structural framework and Upper 
Carboniferous to recent sedimentary record of the 
Broad Fourteens area reflect a complex history of ex­
tension and inversion related to changes in the mega-
tectonic setting of the basin. Changes in tectonic 
stress during the evolution of the basin include both 
long term gradual changes in tectonic stress regime 
from an active extensional stress regime (Triassic to 
Early Cretaceous) towards a compressional stress 
regime (Late Cretaceous to present-day) and pulse 
like changes in compressive stress during the Late 
Cretaceous inversion period and beyond. On the ba­
sis of the relationship between changes in tectonic 
setting and sedimentary history, the basin's stratigra­
phy was subdivided into six major tectono-strati-
graphic sequences (Fig. 3). 

The Variscan sequence includes the Carboniferous 
coal measures that are the main gas-prone source 
rocks in the basin. Pre- and early rift development of 
the basin resulted in a largely conformable sedimen­
tary sequence (Upper Rotliegend, Zechstein and Ger­
manic Trias Groups, and the oil-prone Aalburg and 
Posidonia Shale Formation of the Altena Group). 
During the main syn-rift phase, sedimentation of the 
Schieland Group was concentrated in the rapidly sub­
siding fault-bounded basin while erosion proceeded 
on adjacent uplifted highs. Post-rift thermal subsi­
dence and associated deposition of Rijnland and 
Chalk Group deposits were interrupted by the Late 
Cretaceous inversion. During the inversion period the 
syn-rift sedimentary fill of the basin was uplifted and 
strongly eroded and the Broad Fourteens Basin 
formed a regional high. Syn-inversion deposition of 
chalk continued in adjacent areas. The Cenozoic 
post-inversion development of the basin was domi­
nated by regional subsidence, interrupted by some 
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Fig. 2. Geologic framework along cross-section through the southern part of the Broad Fourteens Basin. Geologic framework is based on in-
house interpreted seismic sections SNST-83-02 and NNS-6, in combination with published cross-sections (Burgers & Mulder, 1991). Addi­
tional information on the geometry of the Upper Rotliegend Group, Limburg Group and - in the southern parts also - the Zechstein and 
Germanic Trias Groups was derived from declassified well data and regional information (Van Adrichem Boogaert & Kouwe, 1993-1997; 
RRI, 1988; Quirk & Aitken, 1997 andVanWijhe et al., 1980). Fig. 1 shows the location of the modelled cross-section. 

distinct compressive phases. A major compressive 
phase at the Eocene-Oligocene boundary induced 
uplift of the basin and erosion of previously deposited 
marine Lower North Sea Group sediments. Subse­
quent marine sedimentation of the Middle North Sea 
Group was interrupted by the Savian phase at the end 
of the Oligocene. Sedimentation rates during deposi­
tion of the marine and continental Upper North Sea 
Group sediments started to increase during the 
Pliocene and remained relatively high during the 
Quaternary. 

Petroleum systems 

The first successful exploration well drilled by Mobil 
in the Broad Fourteens Basin encountered gas in 
Zechstein carbonates and Triassic sandstones in the 
P6 block in 1968. The first oil fields (Helm and 
Helder fields) were discovered by Union Oil in block 
Ql in 1979 (Knaap & Coenen, 1987). Most oil and 
gas fields in the basin are located along its margins. 

Fig. 3 illustrates the stratigraphic position of the main 
source rocks and reservoir units. 

Gas system 

Important commercial gas accumulations are present 
in the Slochteren Formation and, in addition, in 
Zechstein Carbonate Members and in the Main 
Buntsandstein Subgroup of the Broad Fourteens 
Basin. The principal top seal of the Slochteren reser­
voir consists of Zechstein evaporites (e.g., Oele et al., 
1981; Roos & Smits, 1983; Frikken, 1996).The dom-
inantly gas-prone Westphalian coal measures of the 
Limburg Group are considered to be the main source 
rock for gas in the basin (e.g. Van Wijhe et al., 1980; 
Oele et al., 1981; Van Wijhe, 1987; Glennie, 1998). 
The source rock is of kerogen type III. Well data show 
that the coal content of the Baarlo Formation is 
1.5%, the Ruurlo Formation is 4% and that of the 
Maurits Formation is 6%, while the total organic car­
bon (TOC) content of the coals is at least 70%, simi-
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Fig. 3. Stratigraphy, lithology and history of tectonic events and surface heat flow of the Broad Fourteens 
are representative for the southern part of the basin. The evolution of the surface heat flow is derived from 
ling of the tectonic subsidence curve of well P09-01A. 

Basin. Stratigraphy and lithology 
in-house tectonic forward model-

lar to the West Netherlands Basin (Van Balen et al., 
2000). A second gas system based on Namurian 
source rocks has been proposed and modelled for the 
West Netherlands Basin by Van Balen et al. (2000). 
Such a system could also be present in the Broad 
Fourteens Basin, but has not been included in this 
modelling study. 

Oil system 

Commercial oil accumulations are principally found 
in the Vlieland Sandstone Formation, and the Delf­
iand Subgroup. The Vlieland Claystone Formation is 
the top seal for oil accumulations in blocks Ql and 
K18 (Roelofsen & De Boer, 1991; De Jong & Laker, 
1992). The majority of the current faulted anticlinal 
traps in the Vlieland Sandstone Formation formed 
during the Late Cretaceous-Early Tertiary inversion 
(Dronkers & Mrozek, 1991; Hastings et al., 1991; 
Roelofsen & De Boer, 1991). The Helm, Helder, 
Hoorn and Haven fields (block Ql) of the Posidonia 
Shale-Lower Cretaceous oil system contain water 
washed and biodegraded oils (Roelofsen & De Boer, 
1991). The Posidonia Shale Formation, a kerogen 
type II source rock (Cornford, 1998), is considered to 
be the most important source rock for oil in the 

Broad Fourteens Basin (Roelofsen & De Boer, 1991; 
De Jong & Laker, 1992; Goh, 1996). TOC content 
for the Posidonia shale is approximately 5%. The bi­
tuminous shale of the Delfiand Subgroup, is consid­
ered by Roelofsen & De Boer (1991), to be a sec­
ondary source rock for oil. In addition, Cornford 
(1998) suggests that Lower Jurassic shales may have 
developed oil and gas potential in the basin. 

Modelling methodology 

The Temispack modelling tool was used to evaluate 
the response of source rock maturation, and petrole­
um expulsion, migration, accumulation and preserva­
tion to the evolution of the basin along the cross-sec­
tion. Temispack is a finite-volume model that uses a 
two-D mesh to simulate the following conditions dur­
ing basin evolution (Ungerer et al., 1990): 

- Sedimentation, erosion and compaction. The mod­
el simulates changes in geometrical framework of 
the model layers based on normal porosity-depth 
curves defined for each lithology, and taking into 
account the paleogeography and the vertical dis­
placements of the layers. 

- Heat flow and temperature. The calculation of tem­
perature history is based on a transient heat flow 
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equation that uses lithology and porosity depen­
dent thermal conductivities, heat capacities and ra­
diogenic heat production based on lithology, and 
takes into account the evolution of the 
sediment-water interface temperatures and the 
evolution of basal heat flow. 
Source rock kerogen maturity and petroleum gen­
eration. The input for the maturity module includes 
kerogen type, total organic carbon (TOC) values 
and temperature history from the previous module. 
In this study, Temispack default kerogen types and 
the associated kinetic model were used. The matu­
rity module computes the transformation ratios for 
each source rock type and the amount of petroleum 
generated. Vitrinite reflectances are computed for 
Type IV reference kerogen. 

Fluid flow. The history of pore pressures and 
groundwater flow is calculated to be the combined 
result of sedimentary loading and unloading, the 
relief of the water table and, in addition, the gener­
ation of hydrocarbons. The module requires the in­
put of the relationships between porosity and effec­
tive stress for each lithology, as well as the perme­
abilities derived from the lithology-related porosi­
ties by applying the Kozeny-Carman equation, and 
finally, the anisotropies. 

Petroleum expulsion, migration and accumulation. 
The petroleum migration module links the previ­
ous modules and calculates the expulsion and mi­
gration history by using a two-phase Darcy equa­
tion. It requires additional input of relative perme­
ability functions, petroleum density and viscosity, 
and capillary pressures. 

The history of sedimentation, uplift and erosion 
was derived from backstripping of the present-day 
cross-section and subsequent forward modelling of 
the structure and lithostratigraphy. The cross-section 
was divided into 42 geochronologic events and 31 dif­
ferent lithotypes, and was divided laterally into 83 
vertical columns. The Appendix gives the lithotypes 
and associated hydraulic and thermal parameters. 
Subsequently, the history of sedimentation, uplift and 
erosion in combination with the geothermal history 
along the cross-section since the Late Carboniferous 
was quantified and verified against present-day tem­
perature, vitrinite reflectance and porosity data (Sim-
melink & Verweij, 2000). It provided the starting con­
ditions for the subsequent forward modelling scenar­
ios of the groundwater and petroleum system. Evalu­
ation of the first modelling results of different scenar­
ios for groundwater and petroleum fluid flow in com­
bination with our previously compiled conceptual ge­
ological and fluidgeological model led to the final se­
lection of a model scenario to simulate the permeabil­
ity history as part of the subsequent groundwater and 
petroleum fluid simulation (Verweij et al., 2000; Ver­
weij & Simmelink, 2002; Verweij, 2003). This basin-
modelling scenario incorporated dynamic fault and 
fracture zone permeability. For this purpose four ver­
tical fault columns were introduced into the cross-
section at locations corresponding to major fault 
zones (in P9, P6 and Ql areas) identified from seis­
mic data (Fig. 4).The predefined fault zones have en­
hanced vertical permeabilities during the early stages 
of Late Jurasssic rifting and the Late Cretaceous and 
Tertiary inversion and uplift periods. 

Broad Fourteens Basin 

P6 

7000 

Horizontal permeability in mD 

10 10 10 0.01 100 >500 
%$!//•£•.. 

Fig. 4. Predicted distribution of horizontal permeability during the syn-inversion phase of basin evolution, including location of fault zones 
with dynamic permeability. 
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Modelling results: burial history 

The predicted burial histories of pre-inversion 
tectono-stratigraphic units show large differences 
along the cross-section (Verweij, 2003). The Variscan 
to early-rift tectono-stratigraphic units, including the 
Carboniferous and Jurassic source rock units, in the 
central parts of the basin reached their maximum 
depths of burial prior to the Late Cretaceous syn-in-
version period and are presently not at their maxi­
mum depth of burial, with the possible exception of a 
small area at 50 km along the cross-section. In the 
southern part of the section the units are presently 
approximately at pre-inversion depth at the structural 
high corresponding to well location P9, and at maxi­
mum burial depth southward (0-7 km) and north­
ward of the high (10-20 km). To the north of the actu­
al basin (at 62-78 km; northern platform) the Car­
boniferous and Triassic units are presently at their 
maximum depth of burial. 

Modelling results: history of temperature and 
heat flow 

Input data and boundary conditions 

The temperature and heat flow history along the 
cross section were simulated assuming transient heat 
flow conditions and taking into account time-depen­
dent top and bottom boundary conditions (Fig. 5), 
zero heat flow across lateral boundaries, radiogenic 
heat production in the sediments, and porosity-de­
pendent heat conduction and heat capacities of the 
sediments. The bottom boundary condition was 
based on basal heat flow history reconstructed by for­
ward modelling of tectonic subsidence at three loca­
tions along the section (see Van Balen et al., 2000 for 
a description of the modelling procedure). 

Predicted history of temperature and heat flow 

Thermal modelling revealed lateral and vertical varia­
tions in heat flow along the cross-section at different 
times during basin history (Verweij, 2003). These 
variations could be related to vertical displacements 
of the basin and the evolution of the thermal bound­
ary conditions. For example, contrasting uplift and 
subsidence histories of the central part of the basin 
and the northern platform during the main syn-rift 
and the syn-inversion phase of basin evolution result­
ed in lateral variations in heat flow along the cross-
section of approximately 8 mW/m2. 

The simulated temperature history of the source 
rocks largely followed the burial histories of these 
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Fig. 5a. Tectonic subsidence curve for well P09-01A; b Evolution 
basal heat flow derived from in-house tectonic forward modelling 
of the tectonic subsidence curve of well P09-01A; c Evolution sedi­
ment-water interface temperatures. 

rocks. The temperatures increased with increasing 
depth of burial, and decreased with uplift and ero­
sion. However, during Mid to Late Tertiary times the 
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temperatures decreased during burial, mainly because 
of changing surface thermal boundary conditions: 
ground surface temperatures dropped from approxi­
mately 22°C to 8°C.The present-day temperatures of 
the Carboniferous and Jurassic source rocks along the 
entire cross-section are lower than the maximum 
temperatures experienced during burial. The source 
rocks in the southern part of the cross-section and in 
the northern platform area reached their maximum 
temperatures just prior to the Eocene-Oligocene up­
lift. In the central most inverted part of the basin the 
source rocks experienced maximum temperatures 
just before the Late Cretaceous phase of inversion. 
Predicted present-day temperatures are in accordance 
with observed temperatures (Fig. 6). 

Modelling results: history of maturation and pe­
troleum generation 

Input data 

The model includes three source rock intervals: the 
Carboniferous coal measures of the Limburg Group, 
the Jurassic Posidonia Shale Formation, and the Aal-
burg Formation (Appendix).The gas-prone coal mea­
sures of the Limburg Group comprise kerogen type 
III and include the Baarlo Formation, Ruurlo Forma­
tion, Maurits Formation and the Dinkel and Hunze 
Subgroups with aTOC content of 0.7%, 2.8%, 4.2% 
and 0.7%, respectively. The oil-prone Posidonia Shale 
Formation is of kerogen type II with a TOC content 
of 5%. The Aalburg Formation was taken into ac­
count as an additional kerogen type II source rock for 
oil with aTOC content of 1%. 

Predicted history of maturation and petroleum generation 

The burial histories of the, gas-prone, Carboniferous 
source rocks show large differences along the cross-
section. As a result there are very different tempera­
ture and maturation histories for the source rocks de­
pending on their structural position (Fig. 7). 

The Limburg Group source rock in the central and 
southern part of the cross section first entered the gas 
window at the end of the early-rift phase, except for 
the basinal area between P6 and 50 km. Here, the gas 
window is reached during the main syn-rift period. 
Most gas was generated prior to the inversion. In the 
northern platform area, maximum maturity was 
reached in the Early Tertiary post-inversion period, 
initiating a first phase of gas generation in the most 
deeply buried rocks. The predicted amount of total 
gas generated during the evolution of the Broad Four-
teens Basin is largest in the southern part of the cross-
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Fig. 6.Predicted temperature - depth relations at present-day and 
observed temperatures for wells P09-01A, P06-02 and Q01-03. 

section (Fig. 8), where the Maurits Formation (with 
the highest assigned coal content) survived the Early-
Permian erosion. 

Major production of C 0 2 from the Carboniferous 
source rocks probably occurred just before the onset 
of catagenesis (corresponding to the 0.8-0.95% vitri-
nite reflectance interval; Crepieux et al., 1998). Maxi­
mum generation of C 0 2 in the basinal area - estimat­
ed from the modelled history of vitrinite reflectance -
took place during early rift and early syn-rift times, 
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Fig. 7. Predicted temperature history and associated maturity history of the Limburg Group source rock in the southern (at 13-15 km), cen­
tral (at 40-50 km) and northern (at 74 km) part of the cross-section through the Broad Fourteens Basin. 

while in the northern platform area, C 0 2 was not 
generated until syn-inversion times. 

The modelling revealed that there was major gener­
ation of oil from the Posidonia Shale Formation in 
the central part of the basin during post-rift times pri­
or to inversion (Figs 9 and 10). In the southern part 

of the cross-section, oil generation started during the 
Late Cretaceous and continued during the Early Ter­
tiary post-inversion period. Little or no oil generation 
was predicted along the entire cross-section after the 
Eocene-Oligocene tectonic phase (Fig. 10). The pat­
tern of the simulated history of oil generation from 
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Fig. 8. Carboniferous gas system: predicted history of hydrocarbon 
generation and saturation in the Ruurlo Formation in the central 
part of the Broad Fourteens Basin (at 45-50 km along the cross-
section) and in the Maurits Formation in the southern part of the 
basin (at 18 km along the cross-section). 

the Aalburg Formation was the same pattern as the 
one for the Posidonia Shale Formation (Fig. 10), but 
the total amount of oil generated from the Aalburg 
Formation was smaller. 

Modelling results: history of petroleum expul­
sion, migration and accumulation 

Input data and boundary conditions 

The migration module simulates the history of petro­
leum expulsion from the source rocks and the subse­
quent secondary migration and accumulation of pe­
troleum as a separate phase flow adopting a two-
phase Darcy equation. This two-phase Darcy equa­
tion includes buoyancy, pressure gradients and capil­
lary pressure gradients as forces of influence on sepa­
rate phase flow. It simulates the gas system and the oil 
system separately. The oil system simulations include 
the Posidonia Shale Formation and the Aalburg For­
mation simultaneously as the oil-prone source rocks. 
The parameters in the Darcy equation influence both 
the timing of petroleum expulsion from the source 
rock and the pattern of petroleum migration. Impor­
tant input parameters for the expulsion and migration 
module are the fluid properties, magnitude of capil­
lary pressures the rock permeabilities and the effec­
tive permeabilities of the rocks to the fluids (see Ap­
pendix). The fluid densities have been held constant 
during the modelling. The adopted densities of water, 
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rock along the cross-section through the Broad Fourteens Basin. 
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gas and oil are respectively 1030 kg/m3, 300 kg/m3, 
and 500 kg/m3. Default Temispack values have been 
used for the viscosities of water, oil and gas. Porosity 
and permeability Kozeny-Carman functions are criti­
cal inputs. Permeabilities are lithology dependent and 
anisotropic. We derived intrinsic permeabilities from 
the observed lithologies, and verified them against 
permeability data available for the main reservoir 
units. Anisotropics have been inferred from lithos-
tratigraphic data (Van Adrichem Boogaert & Kouwe, 
1993-1997). The fault columns are defined to be of 
low permeability (kh = ky = 3x105 mD at 10% porosi­
ty; capillary pressure Cp = 0.1 MPa) except during 
periods of tectonic activity (Late Jurassic rifting and 
Late Cretaceous inversion and - for faults in the P9 
and Ql area - also during Eocene-Oligocene uplift), 
when the permeabilities in the fault zone are allowed 
to increase to kh = 3xl0~2mD and ky = 3xlO~'mD 
(for 10% porosity; Cp = 0.1 MPa). The two-phase 
fluid flow modelling requires additional parameter 
values for two-phase fluid flow. The dependence of 
the relative permeabilities on petroleum saturation 
are given by relative permeability functions. The 
adopted relative permeability function for sand-and 
chalk-dominated lithologies, is defined by petroleum 
saturation end points of 0.05 and 0.98 and an expo­
nent of 1.5, giving the curvature of the function. For 
other lithologies the petroleum saturation end points 
are 0.1 and 0.98. These relative permeability curves 
indicate that oil and gas will start to flow in sand-and 
chalk-dominated lithologies if petroleum saturation is 
above 5%, and in other lithologies if saturation ex­
ceeds 10%. Hence, the expulsion of gas from the 
Limburg Group source rocks will not start until gas 
saturation in the source rock exceeds 10%. Capillary 
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entry pressures are a function of lithology and are 
mainly affected by the size of the pore throats. The 
dependency of the capillary pressures on saturation 
has not been taken into account in the modelling. 
Three classes of capillary entry pressures, as related 
to lithology, can be distinguished (Burrus, 1997; 
Welte et al., 1997): Cp = 1-5 MPa for tight lithologies 
(shales and evaporites); Cp = 0.1 MPa for intermedi­
ate lithologies; Cp = 0.01 MPa for porous and perme­
able lithologies. The values assigned to the different 
modelling layers, based on this classification, are giv­
en in the Appendix. Fluid flow boundary conditions 
for the modelling scenarios include no flow condi­
tions at the lateral boundaries and the bottom bound­
ary, and an upper boundary condition given by hy­
draulic head, as related to surface topography. 

Predicted expulsion, migration and accumulation of gas 

Model results indicate that expulsion of gas from the 
Limburg Group source rocks in the central and 
southern part of the cross-section started during the 
main syn-rift period. At 125 Ma the gas migration 
system along the cross-section was dominated by this 
vertical upward expulsion from the Limburg Group 
source rocks. The overpressure gradients at this time 
were directed vertically upwards from the Limburg 
Group towards the Upper Rotliegend Group (Verweij 
& Simmelink, 2002) and provided an additional dri­
ving force for upward migration of gas. As a conse­
quence, the gas invaded the Upper Rotliegend Group 
as early as main syn-rift times. Fig. 8 shows that the 
expulsion rate of gas from the source rocks started to 
exceed the generation rates in the Ruurlo Formation 
(at 45 km) at approximately 125 Ma, in the Maurits 
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Formation (at 18 km) and the Ruurlo Formation (at 
50 km) at approximately 100 Ma. 

The expulsion of gas from the Limburg Group 
source rocks continued during post-rift times. During 
these times the secondary migration system in the 
southern part of the cross-section was characterised by 
bedding parallel updip migration through the Upper 
Rotliegend Group from 32 to 26 km, subsequent verti­
cally upwards cross-formational migration through 
Zechstein and Triassic Group units until the gas 
reached the reservoir type Triassic units (Detfurth 
and Soiling Formations), where it accumulated in 
structural traps (for example in a trap located at 25 
km along the cross-section). Further south at P9 and 
18 km, the secondary migration system was also 
dominated by vertical upward cross-formational mi­
gration through Zechstein and Lower Germanic Trias 
Group units, followed by the introduction of gas into 
the Detfurth and Soiling reservoir units. At the end of 
the post-rift period predicted gas saturations were 
high in the Soiling Formation at 16 km. The Upper 
Triassic and Jurassic poorly permeable units did not 
halt the vertical upward migration of gas in the crestal 
structures in the southern part of the cross-section. 
Obviously, the gas that accumulated in the Soiling 
Formation in the crestal areas provided enough buoy­
ancy to overcome the capillary entry pressures in the 
overlying low permeable units. Model results indicate 
that the Zechstein Group in the southern part of the 
basin allowed the vertical escape of gas. In this south­
ern part of the basin the Zechstein Group doesn't in­
clude evaporite deposits and is principally composed 
of clastic lithologies (53% shale, 17% sandstone, 30% 
carbonates) with an assigned capillary pressure of 0.1 
MPa. The high capillary pressures of the Zechstein 
evaporites (5 MPa), in combination with their poor 
permeabilities and the magnitude of the groundwater 
overpressures during post-rift times, effectively seal 
the Upper Rotliegend Group in the central part of the 
basin north of P6. After expulsion of gas from the 
Limburg Group source rock the gas migrated updip 
through the Upper Rotliegend Group and accumulat­
ed in crestal structures, e.g at 50 km. 

After the Late Cretaceous inversion period the ex­
pulsion of gas from the Limburg Group source rock 
leveled out (Fig. 8). The changing geometries of the 
hydro-stratigraphic framework, in combination with 
the modelled increased permeabilities of the fault 
zones during the syn-inversion period were the major 
factors of influence on the secondary gas migration 
system. In the central part of the basin the secondary 
migration through the Upper Rotliegend Group was 
focussed from the deepest part of the Upper 
Rotliegend Group towards the faulted crestal high 

area at P6. It included remigration of gas from the 
former gas accumulation at 50 km. After reaching the 
fault zone at P6 gas moved vertically upwards along 
the faults. At shallower levels part of the gas left the 
fault zone and invaded reservoir-type horizons and 
part of the gas escaped into the atmosphere. In the 
northern half of the central part of the basin, the gas 
migrated updip through the Upper Rotliegend Group 
towards the Ql fault system. 

South of the P6 area - between 16 and 28 km along 
the cross-section - updip migration of gas through the 
Slochteren and Soiling Formations was also directed 
towards the faulted crestal high P6 area. Gas that had 
previously accumulated remigrated and some accu­
mulated again in an updip trapping structure (for ex­
ample in the Soiling Formation at 28 km). 
Model results show that the syn-inversion topography-
induced groundwater flow system did not prevent ver­
tical upward migration of gas through the P6 fault 
zone, nor the updip migration of gas in the Slochteren 
Formation and the Triassic sandstones (Verweij 2003). 

Most of the gas in the basin was generated in the 
southern part of the basin. Here, the gas was distrib­
uted throughout the post-Carboniferous strata by 
bedding parallel and cross-formational migration of 
gas and by inversion-related remigration and escape to 
the atmosphere. As a consequence only a restricted 
number of gas fields were predicted to be present in 
the southern part of the basin at present-day (Fig. 11). 

Increased gas saturations of >90% are predicted in 
the Soiling Formation in structural traps at approxi­
mately 20 and 28 km along the cross-section. The 
preserved saturation of gas in the Slochteren Forma­
tion in the P6 crestal area was calculated to be 18%. 
At shallower levels in the P6 area some of the gas that 
escaped along the P6 fault zone during periods of tec­
tonic activity, accumulated in Triassic reservoirs (Det-
furth/Volpriehausen/Solling Formations) and in 
Delfland Subgroup sandstones. The model predicted 
increased gas saturations in these reservoir units at 
present-day. North of the P6 structural high, the ver­
tical escape of the gas from the Slochteren Formation 
was effectively stopped during basin history by the 
continuous Zechstein seal rock. Much of pre-inver-
sion gas accumulations remigrated towards the P6 
area during the syn-inversion period. Since no 
favourable trapping structure was available in which 
the remigrating gas could accumulate, no significant 
present-day gas fields were predicted in the 
Slochteren Formation north of P6. In the Ql fault 
zone the Zechstein seal was breached during the syn-
inversion and Eocene-Oligocene periods of tectonic 
activity and associated modelled increase in fault per­
meability. This enabled some of the Slochteren gas to 
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Fig. 11. Predicted present-day hydrocarbon saturation in the Carboniferous gas system. 

escape vertically upward along the Ql fault zone and 
infiltrate into the Vlieland Sandstone Formation at 
shallower depths. The modelling predicted a minor 
amount of gas trapped in this reservoir in the anticli­
nal structure at Ql at present-day. 

As the Zechstein Group in the central and northern 
part of the cross-section includes evaporite deposits it 
was modelled with lithology-based poor permeabili­
ties and a high capillary entry pressure (5 MPa). The 
modelling results clearly show that these characteris­
tics of the Zechstein evaporites prohibited gas migra­
tion, an effect augmented by overpressure gradients 
counteracting cross-formational migration through 
the Zechstein. In contrast, the modelling results show 
that fine-grained clastic lithologies of poor permeabil­
ities with capillary pressure of s IMPa may still allow 
cross-formational migration of gas. The uninterrupt­
ed presence of a Zechstein evaporite caprock effec­
tively sealed the Slochteren Formation in the central 
part of the basin. Only, if this Zechstein evaporite seal 
is breached, e.g. by active fault zones (P6 and Ql 
fault zones), did the model predict escape of gas 
through the caprock. 

Predicted expulsion, migration and accumulation of oil 

The model results predicted a negligible expulsion of 

oil from the Aalburg Formation during basin history. 
The conditions in the Aalburg Formation are un­
favourable for drainage: in the model the organic 
matter was dispersed throughout the Aalburg Forma­
tion; in addition, the shale unit is thick (present-day 
thickness up to 896 m at P9) and of poor porosity 
and permeability, and as a consequence could not 
permit an efficient primary migration and expulsion. 

During basin history oil saturation in the Posidonia 
Shale Formation remained below 10% at relatively 
shallow depths in the southern part of the cross-sec­
tion, not allowing oil to migrate through the source 
rock. Only the parts of the Posidonia Shale Forma­
tion buried more deeply in the southern part of the 
cross-section reached oil saturations that allowed ex­
pulsion of oil (e.g. at 3 km and 13 km). 

In the central - deepest - part of the pre-inversion 
basin (at 40 km), expulsion of oil from the Posidonia 
Shale Formation started at approximately 125 Ma, 
i.e. during the latest part of the main syn-rift period. 
The expulsion rates in this part of the basin started to 
exceed generation rates in post-rift times (Fig. 10). 
The post-rift period is the main period of oil expul­
sion in the central part of the basin is, while in the 
southern part of the basin significant expulsion does 
not start until post-inversion times. 

The oil migration system in the central part of the 
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basin during post-rift times was characterised by: ini­
tial updip migration of oil through the anisotropic 
source rock, expulsion of oil from the source rock and 
subsequent cross-formational migration of oil in cre-
stal structures, followed by the introduction of oil into 
the Middle Werkendam Member and - south of P6 -
also in the sand-dominated units in the Delfland Sub­
group, and finally the updip migration of oils and 
their entrapment in these reservoir units. 

Just prior to inversion, the main oil accumulations 
predicted by the model occurred in crestal structures 
in the Middle Werkendam Member at 26, 38, 47 and 
53 km and in the sandy units of the Delfland Sub­
group at 26 km. Secondary accumulations are pre­
dicted in the Delfland Subgroup at P6. 

The migration and remigration of oil during the 
syn-inversion period were strongly influenced by the 
changing geometry of the basin fill and the increased 
permeability of the active fault zones. Remigration 
was focussed towards the P6 and Ql fault zone areas. 
The post-rift oil accumulations in the Middle Werk­
endam Member at 47 and 53 km were emptied and 
the southward and updip remigrating oils filled the 
Middle Werkendam Member in the crestal structure 
at 42 km. During inversion, oil reached the Schieland 
Group sandstones by cross-formational flow at 45 km 
and subsequently migrated updip towards the P6 
area. The previously accumulated oils in the Middle 
Werkendam Member at 38 km and in the Schieland 
Group sandstones at appoximately 26 km were pre­
served during inversion. Inversion-related increase in 
fault permeability permitted oil to remigrate from the 
Middle Werkendam Member into the Vlieland Sand­
stone Formation at Q l . 

During inversion the oil accumulated in the 
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Fig. 12. Oil filling histories of the Lower Cretaceous reservoirs in 
the Ql and P9 areas (FromVerweij & Simmelink, 2002). 

Vlieland Sandstone Formation in the Ql area was in 
the realm of the active regional topography-induced 
groundwater flow system (Verweij & Simmelink, 
2002;Verweij, 2003, Fig. 12). 

In the area south of the P6 fault zone, remigration 
of oil through the Middle Werkendam Member and 
the Delfland Subgroup sandstones was principally 
updip. Oil accumulated in the modified crestal struc­
ture at approximately 26 km. It was predicted that an 
oil-filled crestal structure was already present, pre-in-
version, at approximately the same location. The oil 
migrating northward from 29 km towards the P6 
fault zone escaped through the faults. In the south­
ernmost part of the cross-section (0-20 km) no oil 
reached the Vlieland Sandstone Formation during the 
inversion period. 

In the southernmost part of the cross-section the 
expulsion of oil from the Posidonia Shale Formation 
started to exceed the generation rate of oil in the 
source rock from the Eocene-Oligocene. The oil ex­
pelled from the Posidonia Shale Formation south of 
P9 migrated vertically upwards until it reached the 
Middle Werkendam Member and subsequently 
moved updip towards the P9 crestal area. In the basin 
north of the P9 structure, the expelled oil also 
reached the Middle Werkendam Member. However, 
the oil saturations in the Middle Werkendam Member 
north of P9 were too low to permit updip secondary 
migration of oil towards P9.The predicted oil satura­
tion history of the Lower Cretaceous Vlieland Sand­
stone Formation in the crestal structure at P9 shows 
that the trap started to fill during the Eocene-
Oligocene phase of tectonic activity (Fig. 12). In the 
model, the increased fault zone permeability allowed 
the faults to drain the oil from the Middle Werk­
endam Member. 

The model reproduced the two known oil accumu­
lations in the Vlieland Sandstone Formation, that is 
the oil accumulations in the crestal structures at Ql 
and P9 (Figs 12 & 13). Although the Ql and P9 oil 
fields have been charged with oil from the same Posi­
donia Shale source rock, their chemical characteris­
tics are predicted to be different. The Ql reservoir 
was filled by remigrating oils, expelled during a pro­
longed time, from early mature to mature Posidonia 
shales. In addition the oils were exposed to syn-inver­
sion topography-induced flow of groundwater that 
may have induced water washing and biodegradation 
of the oils. The accumulated oils in the P9 area were 
sourced from an early mature part of the Posidonia 
Shale Formation and were probably not affected by 
water washing and biodegradation because of post-in­
version charging of the structure (Fig. 12). The pre­
dicted oil compositions are similar to known charac-
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Fig. 13. Predicted hydrocarbon saturation in the Lower Jurassic oil system at present-day. 

teristics of the producing oil fields. 
The modelling predicted that oil saturations ex­

ceeding 80% would occur in the southern part of the 
cross-section in the Middle Werkendam Member at 
18 km and 26.5 km and in the sandstones of the 
Delfland Subgroup at 26.5 km, and in the central 

part of the cross-section in the Middle Werkendam 
Member at 42 km. In addition, increased oil satura­
tions were predicted in the sandstones of the Delfland 
Subgroup at the P6 crestal high (at 33-34 km and 36 
km) and in the Middle Werkendam Member just 
north of P6.The P6 area was the basin-wide recharge 

Remigration 

Fig. 14. Events chart 
showing model-predicted 
timing of essential ele­
ments and processes of 
the Carboniferous gas 
system in the central part 
of the southern Broad 
Fourteens Basin. 
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area of the topography-induced groundwater flow 
system during syn-inversion times. Oils remigrating 
and trapped in the P6 area at that time were in the 
realm of active meteoric flow (Verweij & Simmelink, 
2002; Verweij, 2003), and as a consequence in a 
favourable position to be affected by water washing, 
and possibly biodegradation. 

Petroleum system events charts 

The gas and oil system events charts (Figs 14 & 15, 
respectively) summarise the time framework for pe­
troleum generation, migration, accumulation and 
preservation in the basin as derived from the model­
ling study and previous data analysis. In comparison 
with the classical petroleum system events charts, as 
introduced by Magoon & Dow (1994), Figs 14 & 15 
also incorporate the aspects of the hydrodynamic and 
hydrogeologic history of importance for evaluating 
the history of petroleum systems in the Basin. 

A clear example of the influence of the groundwa­
ter flow system on the chemical characteristics of the 
petroleum system is the predicted concentrated 

topography-induced groundwater flow through the 
Vlieland Sandstone Formation during syn-inversion 
times. This phenomenon provided an explanation for 
the water washed and biodegraded nature of the Ql 
oil reservoir charged in the Late Cretaceous (Fig. 12, 
Verweij & Simmelink, 2002). 

Modelling results also support the combined role of 
the groundwater system and the gas system in modify­
ing the porosity and permeability conditions in the 
basin. For example, the predicted generation of COz 

in the Limburg Group source rocks during the early 
rifting period , and the contemporaneous sedimentary 
loading induced vertical upward expulsion of ground­
water flow from the source rocks into the Slochteren 
Formation and overlying Zechstein Group is in accor­
dance with conditions required to explain the ob­
served formation of kaolin cement and leaching of K-
feldspar in the Slochteren Formation and calcite ce­
ments in the Z3 Carbonate Member of the Zechstein 
Group (Verweij & Simmelink, 2002; Verweij, 2003). 
Verweij (2003) provides more detailed information on 
the interrelation of groundwater and petroleum sys­
tems during evolution of the Broad Fourteens Basin. 
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Discussion 

Petroleum saturation 

Petroleum saturation has a major influence on the ini­
tiation of petroleum migration. Suggested magni­
tudes of bulk threshold saturations for carrier rocks 
range between 1% (Hirsch & Thompson, 1995), 3-
5% for thick units (Mann et al., 1997) to 20 % for 
thin units of several tens of meters (Mann et al. 
1997). These breakthrough saturations also indicate 
the residual petroleum saturation, that is the percent­
age of petroleum that will be left behind in the carrier 
rock after migration. Residual saturations of the total 
available pore space have been estimated at 1-3% 
(Mackenzie & Quickley, 1988) and 5% (England et 
al., 1987). The threshold petroleum saturation as­
sumed in the modelling (5%) is well within these 
published ranges of values. 

The saturation values that control initial expulsion 
from source rocks in separate phase are generally as­
sumed to be higher than those used for initial migra­
tion through carrier rocks (Mann et al. 1997). How­
ever, when modelling the petroleum systems in differ­
ent basins Burrus (1997) used threshold saturations 
of only 2%. In addition, Mann et al. (1997) consider 
threshold saturations of 2-5% typical for modelling 
purposes if source rock cells are in the order of several 
tens of metres to 500 m in size. A single 10 % thresh­
old saturation for both the thin oil-prone Posidonia 
Shale Formation and the thick gas-prone Limburg 
Group source rocks was used in the modelling of the 
Broad Fourteens Basin. Source rocks with lower as­
signed threshold saturations would have started to ex-
pell their hydrocarbons earlier during basin history. In 
the modelling of the Broad Fourteens basin, kerogen 
was assumed to be distributed throughout the source 
rock. In the actual Limburg Group source rock, how­
ever, the kerogen is concentrated in distinct organic-
rich coal layers. A value of 10% for petroleum thresh­
old saturations - as assumed in the model - can prob­
ably be considered as a maximum saturation at which 
petroleum starts to migrate in the source rocks. Given 
these considerations, it is unlikely that the petroleum 
expulsion from the source rocks in the Broad Four­
teens Basin probably started later than the times the 
model predicted. 

Temperature and maturation 

The modelling showed a strong dependence of tem­
perature and maturation history on burial during 
most of the geological history of the Broad Fourteens 
Basin. This dependence can probably also explain 
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the relatively minor differences between the model­
ling results of the West Netherlands Basin (Van Balen 
et al., 2000) and this study. In a general sense, both 
basins show a similar evolution of hydrocarbon gen­
eration. 

Migration of petroleum 

Migration of petroleum through a basin fill is a multi­
phase fluid flow process (e.g. Schowalter, 1979; Eng­
land et al.,1987;Verweij, 1993) driven by fluid poten­
tial gradients. The fluid potential gradients are in­
duced by differences in excess groundwater pres­
sures, buoyancy forces (related to density differences 
between petroleum and water), and differences in 
capillary pressures. In turn, capillary pressures are a 
function of pore throat radii, interfacial tension and 
pore throat wettability. The actual migration rates of 
petroleum, as described by the multiphase Darcy 
equation, are controlled by the effective permeability 
of the basin fill to petroleum. Hence, the distribution 
of pore sizes and permeability in a basin highly con­
trol the migration process. The migration pathways of 
petroleum are largely controlled by units of relatively 
high porosity and permeability, such as permeable 
fault and fracture zones, sand dominated lithostrati-
graphic units, and their structural dip or geometry. 
This is illustrated by the results of the 2D modelling 
of the petroleum system in the Broad Fourteens 
Basin. The geometry of these carrier-bed units and 
fault zones controlling the evolution of the migration 
pathways, remigration and accumulation has changed 
dramatically during the evolution of the basin. The 
basin is laterally constrained in the modelling. In ad­
dition, the modelling does not allow actual fault de­
formation. As a consequence, the reconstructions of 
paleogeometries are not structurally correct. Howev­
er, the modelled cross-section was chosen perpendic­
ular to the strike of the basin and basin boundary 
fault directions and it crosses the major depocentre of 
the combined Triassic to Lower Cretaceous deposits 
as well as the area of maximum uplift and erosion 
during syn-inversion times. In this way it captures the 
principal dip directions of the stratigraphic units and 
the major variations in dip directions of direct influ­
ence on petroleum migration pathways. The 2D basin 
modelling thus allows capturing the essence of the pe­
troleum migration system. Although most buoyancy-
driven updip migration is in the direction of largest 
dip (that is along the cross-section), additional out-
of-plane migration of oil and gas is likely to have oc­
curred during basin history. Today the maximum 
depth of the basin (indicated by the depth map of the 
top Carboniferous, i.e. Heybroek &VanWijhe 1987) 
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extends from block Q l , towards blocks P3 and F18. 
The geometry of the top Carboniferous suggests that 
updip migration towards the cross-section cannot be 
excluded (e.g. from block F18 towards LI 6, and from 
block P3 towards Ql ) . It is recognised that actual 
charging of a structure as well as the integrity of a pe­
troleum-filled structure at any time during basin his­
tory should ideally be evaluated in 3D. 

In order to fill the known oil fields in the Vlieland 
Sandstone Formation in the Ql and P9 areas with oil 
generated from the Posidonia Shale Formation, the 
oil somehow had to pass through the shale-dominat­
ed Werkendam Formation and Delfland Subgroup. 
The interpreted seismic data and Hthostratigraphic 
well data available to this study did not provide de­
tailed information on the occurrence, distribution 
and horizontal and vertical continuity of sand-domi­
nated permeable facies within the Werkendam For­
mation and the Delfland Subgroup. Therefore, re­
gional information was used instead to reconstruct 
the lithostratigraphy and hydrostratigraphy between 
wells. In the model lateral continuity of permeable 
sandy facies was assumed but no vertical connectivity 
between these facies. As a consequence the Hthostrati­
graphic build-up adopted in the oil migration mod­
ule, does not provide a potential cross-formational 
pathway for oil through the Delfland Subgroup. This 
is illustrated by the modelling results. The predicted 
Posidonia Shale-Vlieland Sandstone oil system (Ql) 
is dominated by focussed updip flow through the 
Middle Werkendam Member and subsequent vertical 
upward flow through the fault zone. The shales of the 
Upper Werkendam Member and the Delfland Sub­
group do not allow widespread cross-formational 
flow. It is clear that more detailed information is re­
quired on the Hthostratigraphic build-up especially of 
the Delfland Subgroup, in order to evaluate more 
confidently its actual role in oil history. 

Dynamic permeability of fault zones 

Given the tectonic activity during basin history and 
the indicators of permeability alterations and pale-
ofluid flow through fracture and faultzones (Verweij, 
2003), there is no doubt that dynamic fault and frac­
ture permeability played a role in fluid migration dur­
ing the evolution of the Broad Fourteens basin. The 
introduction of the dynamic permeability of the three 
fault zones in the modelled cross-section should be 
considered as an initial modelling scenario to take 
such dynamic permeabilities into account in fluid mi­
gration in the basin. The real magnitude of changes in 
permeability, storativity, capillary pressures, the dura­
tion of the changed properties and the volumes of flu­

ids involved are unknown. 
The model results revealed the influence of the dy­

namic permeability of the three fault zones on the 
secondary migration and remigration of both oil and 
gas. The interpreted seismic section (Fig. 2) shows 
more widespread faults in the Broad Fourteens Basin. 
These additional fault zones may also have played a 
role in the history of petroleum systems in the basin, 
for example, in the filling and preservation history of 
the predicted oil accumulations in the Middle Werk­
endam Member in the fault bounded crestal struc­
tures at 26.5 and 42 km. These structures were filled 
prior to and during inversion. To be able to reliably 
evaluate the fault activity and related variations in 
permeability on the petroleum system, requires the 
dating and timing of fault movement and the recon­
struction of phases of paleo groundwater flow. 

Conclusions 

The modelling demonstrated that large differences in 
the burial histories of the gas-prone Limburg Group 
and oil-prone Jurassic source rocks along the cross-
section result in very different temperature and matu­
ration histories for the source rocks depending on 
their structural position. In the central and southern 
part of the cross-section most gas was generated from 
the Limburg Group prior to inversion. In the north­
ern platform area, a first phase of gas generation was 
initiated in the Early Tertiary. The modelling revealed 
that there was major generation of oil from the Posi­
donia Shale Formation in the central part of the basin 
during post rift times prior to inversion. The Early 
Tertiary was an important phase of oil generation in 
the southern part of the cross-section. Based on the 
modelling results, it seems likely that today there is no 
to only minor generation of gas from the Limburg 
Group source rocks and no to only minor generation 
of oil from the Posidonia Shale Formation along the 
cross-section. 

The 2D basin modelling identified the following 
main characteristics of the gas and oil migration sys­
tems in the Broad Fourteens Basin: 

Gas system 

Expulsion of gas from the Limburg Group source 
rocks in the central and southern part of the cross-
section started during the main syn-rift period. Peak 
expulsion of gas occurred in Cretaceous pre-inversion 
times. Gas expulsion leveled off since the Late Creta­
ceous inversion period. 

The spatial variation in lithology and associated 
sealing property of the Zechstein Group resulted in 
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different gas migration patterns along the cross-sec­
tion. In the area south of the P6 structural high, 
where the clastic Zechstein Group is non-sealing, gas 
was distributed throughout the post-Carboniferous 
section by bedding parallel migration through sand-
dominated units and by cross-formational migration. 
North of the P6 area the sealing evaporite deposits of 
the Zechstein Group prevented vertical escape of gas 
from the Slochteren Formation. The migration sys­
tem was dominated by updip flow through the 
Slochteren Formation. Breaching of the Zechstein 
seal by the P6 and Ql fault zones allowed vertical up­
ward escape of gas, especially during the syn-inver-
sion and Pyrenean periods of tectonic activity. 

Major pre-inversion gas accumulations were pre­
dicted in the Slochteren Formation at 50 km along 
the cross-section and in the Triassic sandstone-domi­
nated units at 16 and 25 km. The accumulation at 50 
km was emptied during inversion and the remigrating 
gas escaped through the P6 fault zone. Inversion-in­
duced remigration of gas in the Triassic reservoirs in 
the southern part of the basin was trapped again up­
dip in the Triassic reservoirs, e.g. at 28 km. The mod­
elling predicted present-day increased saturations of 
gas in the Triassic sandstone-dominated units at 20 
and 28 km. No major gas accumulations were pre­
dicted in the Slochteren Formation. Gas migrating 
through the fault zones in the P6 and Ql areas during 
periods of tectonic activity was in part introduced in­
to post-Permian reservoirs, leading to increased pre­
sent-day saturations of gas in especially the Triassic 
reservoirs. 

Oil system 

Total expulsion of oil from the Aalburg Formations 
was negligible. The expulsion of oil from the Posido-
nia Shale Formation was initiated in the central part 
of the basin during the latest stage of the main syn-rift 
period. The post-rift period was the main period of oil 
expulsion in the central part of the basin; in the 
southern part significant expulsion did not start until 
post-inversion times. Inversion induced widespread 
remigration of oil: remigrating oil charged the Middle 
Werkendam Member at 42 km and the Vlieland San-
stone Formation in the Ql area; oil accumulations in 
the Middle Werkendam Member in structures at 38 
and 47 km survived inversion. Charging of the 
Vlieland Sandstone Formation in the crestal structure 
at P9 started in the Early Tertiary. 

The modelling reproduced the known oil accumu­
lations in the Vlieland Sandstone Formation sealed 
by the Vlieland Shale Formation in the Ql and the 
P9 crestal structures. The modelling predicted pre­

sent-day oil saturations exceeding 80% in the Mid­
dle Werkendam Member at 18 km, 26.5 km and 42 
km and in the sandstones of the Delfland Subgroup 
at 26.5 km. In addition it predicted increased satu­
rations in the sandstones of the Delfland Subgroup 
at the P6 crestal high (at 33-34 km and 36 km) and 
in the Middle Werkendam Member just north of P6. 
An additional modelling result is the process-based 
understanding of the different geochemical compo­
sitions of the accumulated oils in the P9 and Ql 
area. 
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